ABSTRACT: Catalytic nitrogen (N 2 )-selective membrane technology with potential applications of indirect CO 2 capture and ammonia synthesis is introduced. Metallic membranes made from Earth-abundant group V metals, i.e., vanadium (V), and alloys with ruthenium (Ru) are considered. Similar to a traditional palladium (Pd)-based hydrogen (H 2 )-selective membrane for hydrogen purification, N 2 molecules preferentially adsorb on the catalytic membrane and dissociate into two nitrogen atoms. Atomic nitrogen subsequently diffuses through the crystal lattice by hopping through the interstitial crystal sites of the bulk metal, ultimately leading to atomic nitrogen on the permeate side of the membrane. This study is focused on the nitrogen interactions only at the membrane surface and the first subsurface layer. The adsorption energies of molecular as well as atomic nitrogen on the vanadium surface (V(110)) and Ru-alloyed V surface (V x Ru 100−x /V(110), where x is the atomic composition of vanadium in the alloy) are calculated using first-principles and compared against traditional catalysts for ammonia synthesis, i.e., iron (Fe). The N 2 dissociation pathway and its corresponding activation barrier are also determined. Additionally, the diffusion of atomic nitrogen from the V(110) surface to its subsurface layers is investigated to determine the rate-limiting step of nitrogen transportation across membrane surface. It has been found that N 2 and atomic nitrogen bind on the V(110) surface very strongly compared to adsorption on corresponding Fe surfaces. Although the activation energy (ca. 0.4 eV) for nitrogen dissociation on the V(110) surface is greater than that of the Fe surfaces, it is comparable to that of the Ru surfaces. Atomic nitrogen slightly prefers to stay on the V(110) surface rather than in the subsurface layers. Coupling this with the relatively high activation barrier for subsurface diffusion (ca. 1.4 eV), it is likely that the subsurface diffusion of nitrogen is the rate-limiting step of nitrogen transport across a membrane. Alloying Ru with V reduces the adsorption energy of atomic nitrogen on the Ru-alloyed V(110) surface in addition to the subsurface layer. Therefore, it is expected to facilitate nitrogen transport across the membrane surface.
INTRODUCTION
Metallic membranes made from Earth-abundant group V metals, i.e., vanadium (V), are considered for catalytic selective N 2 separation with the potential benefit of ammonia synthesis with indirect CO 2 capture. This N 2 -selective membrane technology benefits from the driving force of N 2 in flue gas (73 wt %) streams for indirect CO 2 capture as it can possibly create a sufficient external driving force, i.e., partial pressure across a membrane. The concept of a N 2 -selective membrane stems from the development of H 2 -selective metallic membranes for H 2 purification processes. The application of the H 2 -selective metallic membranes significantly draws a great deal of attraction because they are commercially available and may be fabricated into large-scale continuous films.
1 Figure 1 proposes the schematic of a N 2 -selective membrane reactor for postcombustion capture applications. N 2 molecules preferentially adsorb on the catalytic membrane and dissociate into two nitrogen atoms. The atomic nitrogen then diffuses through the crystal lattice by hopping through the interstitial crystal sites of the bulk metal, ultimately leading to atomic nitrogen on the permeate (or sweep) side of the membrane. The flux of N 2 across the membrane is dependent upon a partial pressure driving force, which can be created by using H 2 as a sweep gas. The use of H 2 as a sweep gas may allow for the synthesis of ammonia and CO 2 would be effectively separated on the highpressure retentate side of the membrane for further use.
The use of a catalytic membrane to change the architecture of a traditional catalytic reactor allows the use of strong-binding transition metals on the far left of the periodic table, such as Earth-abundant group V metals, i.e., vanadium (V), niobium (Nb), and tantalum (Ta) for ammonia synthesis. These transition metals are known to bind adsorbates too strongly, leading to poor turnover rates. However, these metals are known to be very permeable to H 2 .
2−4 The H 2 permeability at 500°C is 1.6 × 10 −6 mol/(m s Pa 1/2 ) for Nb, 1.3 × 10 −7 mol/ (m s Pa 1/2 ) for Ta, and 1.9 × 10 −6 mol/(m s Pa 1/2 ) for V. 5 Therefore, it is interesting to study how well nitrogen would interact on these metals. Among the three transition metals of the group V elements, vanadium is chosen in this study due to its great abundance in the Earth's crust, resulting in potentially low fabrication costs. 6 To the authors' knowledge, there are limited literature studies focusing on the interaction of molecules on the V surface since the preparation of the clean V surface is rather difficult and time-consuming. 7−13 In addition, there are no previous studies to reflect upon due to the novelty of this N 2 -selective membrane technology. Consequently, the nitrogen interaction on the V surface is of central interest to the current study. Fundamental investigation of N 2 and atomic nitrogen adsorption, dissociation, and potential subsequent atomic diffusion on and within V are examined from first-principles. The adsorption energies of N 2 as well as atomic nitrogen on the V surface (V(110)) and Ru-alloyed V surface (V x Ru 100−x / V(110), where x is the atomic composition of vanadium in an alloy) are calculated and compared against traditional catalysts used for ammonia synthesis, i.e., iron (Fe) . The N 2 dissociation pathway and its corresponding activation barrier are also determined via the climbing image nudged elastic band (CI-NEB) method. Additionally, the diffusion of atomic nitrogen from the V(110) surface to its subsurface layers is investigated to determine the rate-limiting step of nitrogen transport across the membrane surface.
To determine the feasibility of using V as a material for a N 2 -selective membrane, the barrier for N 2 dissociation on the V(110) surface is compared with the barriers on the Fe and Ru surfaces as they are well-studied for ammonia synthesis. In addition, the first subsurface diffusion barrier of atomic nitrogen into the subsurface of V is compared with the well-studied H/ Pd case since Pd-metallic membranes are commercially available for H 2 purification from natural gas reforming processes.
This study is organized as follows: in section 2, the computational details and the system are presented; in section 3 the results of nitrogen interactions with the vanadium surface are discussed; and in section 4, a conclusion of the current study and the future research directions is provided.
COMPUTATIONAL METHODOLOGY
All calculations are based on plane-wave density functional theory (DFT) and performed using the Vienna ab initio simulation package (VASP). 14, 15 The electron−ion interactions are represented by the projector-augmented wave (PAW) approach, 16, 17 and the electron exchange correlation effects are described by a generalized-gradient approximation (GGA) using the Perdew−Burke−Ernzerhof functional 18 with a planewave expansion with a cutoff of 600 eV. The surface Brillouin zone integration is calculated using a Monkhorst−Pack mesh.
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During geometry optimization, the conjugate-gradient (CG) algorithm is applied to relax the ions into their instantaneous ground state, and electron smearing with a width of 0.05 eV is employed via the first-order Methfessel−Paxton technique 20 for improved convergence. Geometry convergence is achieved when the forces on all unconstrained atoms are less than 0.02 eV/Å.
The climbing image nudged elastic band (CI-NEB) method developed by Jońsson and co-workers 21 is used to determine the minimum energy paths (MEPs) and corresponding transition states for N 2 dissociation on the vanadium surface as well as subsurface diffusion of atomic nitrogen into the V surface. Once the initial and final configurations of a process are known, an interpolated chain of configurations (images) between the initial and the final states is created. The intermediate configurations (images) are connected by springs and relaxed simultaneously to the MEP, through which the highest-energy configuration climbs uphill to the saddle point. 21 A 5 eV/Å 2 spring constant is used in all CI-NEB calculations. The nature of the transition state found by the CI-NEB method is determined by diagonalizing a finite difference construction of the Hessian matrix with displacements of 0.015 Å. Only nitrogen atoms are allowed to move, while V atoms are kept fixed at their relaxed geometries.
Metallic vanadium has a body-centered cubic (bcc) structure with an experimental lattice constant of 3.024 Å. 22 The theoretical lattice constant found in this study is 2.98 Å, which compares well against the experimental value. To optimize the computational cost and the accuracy of the DFT calculations, a seven-layer slab of the V(110) surface with a single-sided vacuum region of 15 Å is simulated as three-dimensional infinite periodic structures by defining a supercell and periodic boundary conditions in all three principal axes. Two surface models, i.e., (1 × 1) and (2 × 2) structures as shown in Figure   Figure 1 . Schematic of catalytic N 2 -selective metallic membrane with ammonia synthesis.
The Journal of Physical Chemistry C The adsorbate, i.e., N 2 or atomic nitrogen, is placed on one side of the V(110) surface, thereby producing a dipole moment due to the surface charge rearrangement. However, a dipole moment correction is not included in this study since it has a negligible effect on the total energy (i.e., <0.01 eV/cell) in both the clean V(110) surface and N 2 -adsorbed surface systems. During the geometry optimization of the adsorbed system, the bottom four layers of the V(110) surface are kept frozen at the estimated bulk parameters, while the top three layers of the V(110) surface and the adsorbate, i.e., nitrogen molecules or atoms, are allowed to relax to their optimized geometries.
The ad(b)sorption energy of nitrogen on (in) the V(110) surface can be calculated with respect to either the isolated N 2 molecule (eV/N 2 ) or isolated nitrogen atom (eV/N) as shown in eqs 1 and 2, respectively. (2) where E(V(110) + N 2 ) and E(V110 + N) are the total free energies of the nitrogen-adsorbed systems. The term E(V-(110)) is the total free energy of the clean V(110) surface, n is number of nitrogen molecules or atom on the supercell, and E(N 2 ) is the total free energy of the nitrogen molecule in the gas phase, which is calculated by placing the N 2 molecule in a 15 × 15 × 15 Å 3 cubic box and carrying out a Γ-point calculation. The calculated N 2 bond length is 1.113 Å with a vibrational frequency of 2421 cm . These values are in reasonable agreement with experimental data of 1.098 Å and 2359 cm −1 , respectively. 22 A negative E ads value indicates the stabilized adsorption of the nitrogen molecule or atom relative to the separated V(110) surface and adsorbate. The more negative adsorption energy implies a more preferable adsorption location on the surface. Figure 3b shows a schematic of a side view of the V(110)-N 2 surface for the N 2 molecule at the top site, in which the tilting angle (θ) is indicated. Note that θ is the deviation from the surface normal. In this study two initial N 2 orientations are tested on the V(110) surface, including (1) the perpendicular orientation, or γ state, in which the molecular axis is along the surface normal direction, i.e., θ = 0°, and (2) the parallel orientation, or α state, in which the molecular axis is in-plane with the V(110) surface, i.e., θ = 90°. Since N 2 is allowed to relax during the geometry optimization, the adsorbed N 2 structure may be different from the initial N 2 structure after the calculation converges.
The most stable configurations of N 2 adsorption on the V(110) surface at 0.25 ML surface coverage and their corresponding adsorption energies are tabulated in Table 1 . It is crucial to determine the nature of the adsorbed states, i.e., whether it is the true adsorption state (local minima), the transition state (first-order saddle point), or the higher-order saddle point by carrying out a frequency analysis. If the frequencies of a particular optimized geometry are real numbers, then the structure is the minimum or the true adsorption state. The transition states are identified as having one imaginary frequency, while the higher-order saddle points have more than one imaginary frequency. The real number frequencies in Table 1 indicate that the stable adsorbed states are all in local minima. The corresponding optimized structures of the local minima at the stable adsorbed states are illustrated in Figure 4 . Molecular N 2 generally prefers to adsorb at high metal coordination sites and molecular N 2 binds strongest on the LB site in a parallel orientation, with a corresponding adsorption energy of −2.82 eV/N 2 . The second strongest adsorption site is the SB site with an adsorption energy of −2.27 eV/N 2 with the adsorbed N 2 molecule lying parallel on the surface. In addition, slight surface reconstruction after adsorption is observed at this site. The adsorption on LB and SB sites in a parallel orientation is labeled as α and α′ state in this study. Of the three local minima, the N 2 molecule adsorbed in the upright position at the top site has the weakest adsorption energy of −0.54 eV/N 2 . This is labeled as γ state in this study. The adsorption strength of molecular N 2 onto the surface varies in the order α > γ. However, this is not always the case if the N 2 molecule adsorbs at high coverage on the metal surface in which case the γ state becomes more stable than the α state. 23, 24 The N−N bond length, d(N−N), of the optimized geometries is in the range of 1.134−1.334 Å. Clearly, the N−N bond length increases upon N 2 adsorption to the surface compared to the calculated N−N bond length in the gas phase (1.113 Å). Moreover, the N−N stretching frequencies decrease from 2421 cm −1 in the gas phase to ∼1223, 1087, and 2156 cm −1 for α-, α′-, and γ-N 2 , respectively. In high-resolution electron energy loss spectroscopy (HREELS) measurements, the N−N stretching frequency for the α state occurs in the range of 1150−1600 cm −1 , with the 2100−2250 cm −1 region indicative of the γ state. 23 An increase in the N−N bond length and decrease in the N−N stretching frequency is evident from the weakening N−N interaction of the N 2 molecule and the subsequent tendency for dissociation. Therefore, the α and α′ states are regarded as a precursor state for N 2 dissociation on V(110) as they are on other metal surfaces. 23 The entire calculation results including less stable configurations are shown in Table S1 of the Supporting Information.
Literature values for the N 2 adsorption energies on Fe 23−27 and Ru 28, 29 surfaces are tabulated in Table 2 . The (111) plane of Fe is selected for comparison because it is the most reactive surface toward N 2 adsorption 26 and ammonia synthesis. 30−34 In the case of the Ru surface, the (0001) plane is the most closepacked structure for this metal. Therefore, several detailed experiments and theoretical calculations have been performed on this surface. An additional δ state is observed both experimentally and theoretically on the Fe and Ru surfaces. This state is associated with molecular N 2 adsorption in a perpendicular orientation and is less stable than the γ state. The δ state is only populated when the surface is saturated with the γ state. A comparison of the N 2 adsorption energies at 0.25 ML surface coverage in Table 2 reveals that the adsorption energy of the γ-N 2 /V(110) structure falls within the adsorption energy range of γ-N 2 on Fe and Ru surfaces. However, the α-and α′-N 2 states bind to the V(110) surface considerably stronger than those on the Fe surfaces. Weak interactions occur in γ state mainly due to the overlapping of the 3σ g bonding orbital of a nitrogen molecule with the bands of metal surface. On the other hand, α state interactions are achieved through the donation from 1π u bonding orbital to the surface and subsequent back-donation from the surface to the 1π g * orbital.
If the interaction through the π-orbitals becomes more compelling, e.g., in the case of V(110) surface, nitrogen− metal interaction becomes stronger while nitrogen−nitrogen bond is substantially weakened. This may lead to dissociation as we expect from the bond length and frequency analysis. It is reported in other studies that dissociative adsorption is favored for nitrogen adsorption on V surfaces. 35 A strong interaction particularly on V(110) may be described using the d-band center model, which was developed by Hammer and Nørskov. 36 The d-band model explains the trend in chemisorption energies on different transition metals. As an adsorbate binds to a transition metal the formation of bonding and antibonding states occurs below and above the metal d bands. If the antibonding states for the adsorbate are filled, the bonding between the adsorbate and the transition metal becomes weak. The occupancy of the antibonding state is determined by not only the extent of filling of the d states but also the position of the antibonding states relative to the Fermi level. The Fermi level in metals is defined by the energy of the highest occupied states at a temperature of absolute zero. As the d band shifts up in energy, the number of antibonding states above the Fermi level increases, leading to less-filled antibonding states and a subsequently stronger bond. For the same transition metal series, e.g., 3d, 4d, or 5d series, the number of d electrons decreases and the d band shifts up in energy toward the Fermi level from right to left in the periodic table. 37 Consequently, the N 2 adsorption energy is expected to be stronger on vanadium, which is an early transition metal.
3.2. Atomic Nitrogen Adsorption on V(110). At 0.25 ML coverage, two local minima are observed as indicated in Table 3 . The optimized structures associated with these two local minima are shown in Figure 5 . Entire calculation results including less stable states can be found in Table S2 of the Supporting Information. Similar to the stable adsorbed N 2 state, atomic nitrogen prefers to adsorb on high metal coordination sites, i.e., LB and TF sites. There is surface reconstruction of the V(110) plane upon atomic nitrogen adsorption at the LB site as seen in Figure 5a . The top layer of the V(110) surface slightly reconstructs into a V(100)-like structure, where atomic nitrogen is positioned at the 4-fold hollow site. Additional calculations of atomic nitrogen adsorption at the LB site on the unreconstructed V(110) surface have been performed. The calculated adsorption energy on the unreconstructed V(110) surface of atomic nitrogen is −2 eV/N, which is less stable than the adsorption on the reconstructed surface. This surface reconstruction only occurs upon nitrogen adsorption at the LB site. At 0.5 ML coverage, three local minima have been determined and their optimized geometries are presented in Figure 6 . The adsorption energies and the structural parameters are provided in Table 3 , and the entire calculation results including less stable states can be found in Table S3 of the Supporting Information. The high coordination sites, i.e., LB and TF sites, remain the strongest adsorption sites for atomic nitrogen. Since chemisorbed nitrogen on transition metal surfaces is conventionally identified as the β state, 23 the two of the most stable states associated with the LB−LB and LB− Top−LB in this study are labeled as β and β′ states, respectively. Only the β state induces the reconstruction of the V(110) surface as shown in Figure 6a . Similar to atomic nitrogen adsorption on the LB site with 0.25 ML coverage, the top layer of the V(110) surface reconstructs into a V(100)-like structure, where nitrogen atoms sit at the 4-fold hollow sites. However, the surface reconstruction upon 0.5 ML atomic nitrogen adsorption is more apparent than that at 0.25 ML coverage. Although one would expect weaker adsorption energy on the same adsorption site with higher surface coverage, atomic nitrogen at the LB−LB site (0.5 ML) binds as strongly as the nitrogen atom at the LB site (0.25 ML). This infers that the surface reconstruction indeed allows the atomic nitrogen adsorbed system to gain additional adsorption energy toward the more stable adsorption configuration. However, it has been found that the adsorption energies on the LB−Top−LB and the TF−TF sites are lower than those energies on the same sites with 0.25 ML coverage by 0.37 and 0.64 eV/N, respectively. The weaker adsorption energy may be due to the lateral interaction between neighboring nitrogen atoms and no reconstruction of the surface.
The N atom usually occupies the 4-fold hollow sites above the transition metal surfaces in general. For the adsorption of atomic nitrogen on Fe single crystal surfaces, temperatureprogrammed desorption (TPD) experimental results on Fe(110), (100), and (111) surfaces show that the adsorption energy ranges between −1.05 and −1.15 eV/N (equivalent to −2.1 and −2.3 eV/N 2 ). 26, 38 Meanwhile, the adsorption energy changes from −1.1 to −0.25 eV/N (equivalent to −2.2 to −0.5 eV/N 2 ) over a surface coverage range from 0 to 0.7 ML across real catalysts for ammonia synthesis. 39 On the Fe(100) surface, nitrogen atoms form a very stable c(2 × 2) structure with a saturation coverage of 0.5 ML. 40 This overlayer structure is also found on the Fe(111) and (110) surfaces, while LEED results suggest that the surface reconstructs upon atomic nitrogen adsorption. 26, 38 Mortensen et al. 41 performed the DFT calculation using ultrasoft pseudopotential with PW91 exchange-correlation functional to determine the adsorption energies and structures for nitrogen atoms on three Fe surfaces including (110), (100), and (111). They found that the adsorption energies on the unreconstructed Fe(111) and (110) surfaces are much smaller than those on the Fe(100) surface because of the lack of 4-fold symmetry that is only present on the Fe(100) surface. 41 Therefore, islands of a c(2 × 2)-N/ Fe(100)-like layer are suggested to appear on the Fe(111) and (100) surfaces after atomic nitrogen adsorption in order to obtain increased adsorption energy. 24, 41 On the Ru(0001) surface, atomic nitrogen also favors the high coordination sites. The adsorption energies are found to be −0.77 eV/N for p(2 × 2)-N/Ru (0.25 ML) and −0.19 eV/N for c(2 × 2)-N/Ru (0.5 ML). No surface reconstruction from nitrogen adsorption has been reported in the literature. As seen in Tables 3, the atomic adsorption energies at the most stable site on the V(110) surface are considerably stronger than those on the Fe and Ru surfaces. The reason for such strong adsorption of atomic nitrogen on the V(110) surface is similar to the case of the adsorbed α-N 2 adsorption that may be explained by d-band theory.
3.3. N 2 Dissociation Pathway on V(110). The N 2 dissociation on the Fe(111) surface 24 is known to follow a complicated dissociation path: γ → δ → α → α′ → β. Since both V and Fe have a bcc crystal structure, the N 2 dissociation on the V(110) surface is proposed to be potentially analogous to its dissociation on the Fe surface selected. The N 2 molecules are initially trapped into a highly mobile γ state for the removal of excessive energy. This γ state appears to be the precursor state for the α state as the N 2 molecule in the γ state tilts to a parallel bound α state at an appropriate hollow site. 42, 43 An additional α state, i.e., α′ state, is found only from the theoretical calculation since it is less stable than the other stable adsorbed states and is subsequently difficult to be observed experimentally. This α′ state is more likely the precursor state to N 2 dissociation than the α state as it has a longer nitrogen bond and a smaller N−N stretching vibrational frequency indicating a weaker N−N bond upon adsorption. 24 There are many possibilities for the MEP associated with N 2 dissociation on the V(110) surface. To gain a deeper understanding of the N 2 dissociation process on the V(110) surface, 2D slices in the potential energy surface of N 2 dissociation for different paths are constructed by a series of single-point energy calculations of dissociated nitrogen atoms. The optimized clean V(110) surface is used and kept fixed for all dissociation paths considered. Dissociated nitrogen atoms are placed on the fixed V(110) surface and the calculations are performed at several heights (h) above the surface and N−N bond lengths (r) along the dissociation paths. Within the potential energy surface (PES) construction, h is varied from 0.5 to 2.4 Å and r is changed from 1.1 to 4.6 Å along the reaction coordinates. At least 120 calculations are carried out for each N 2 dissociation path by varying the height and the N− N bond length within the provided ranges. Three dissociation paths are investigated within the 2D PES: (1) molecular N 2 at the α′ state to atomic nitrogen at the β state; (2) molecular N 2 at the α state to atomic nitrogen at the β′ state via the short diagonal of the unit cell; and (3) molecular N 2 at the α state to atomic nitrogen at the β′ state via the long diagonal of the unit cell. Dissociation from the α state to the β state is not included in this study because it shows a higher barrier than for the dissociation path via the α′ state and therefore is likely not to be a dominant pathway.
The PES for N 2 dissociation on the V(110) surface is presented in Figures 7 and 8 . The initial state, final state, and proposed transition state (TS) are all located on the PES diagram. It is important to note that the dissociation barriers obtained from the PES do not reflect the actual barrier for N 2 dissociation on the V(110) surface. However, this information provides a starting point for the prediction of the MEP for dissociation. Comparing the three dissociation paths, the dissociation from α′-N 2 to β-N has the lowest barrier. On the other hand, the dissociation from α-N 2 to β′-N via either short or long diagonal configurations has to overcome a larger barrier because the nitrogen atom has to move around the V atom that is coordinated to the second nitrogen atom. Consequently, the MEP for N 2 dissociation on the V(110) surface is expected to occur via the dissociation from α′-N 2 to β-N, and the following N 2 dissociation path on the V(110) surface is proposed: γ-N 2 → α′-N 2 → β-N. According to the CI-NEB calculation, Figure  9 presents the MEP for the proposed dissociation on the V(110) surface. The N 2 transition from the γ to the α′ state is found to be nonactivated on the V(110) surface as the energy of the N 2 molecule decreases along the reaction path. Conversely, the N 2 transition from the α′ state to the dissociated β state is an activated process. The corresponding dissociation barrier is 0.4 eV, and the transition state structure is shown in Figure 9 .
The calculated dissociation barrier for N 2 dissociation on the V(110) surface is then compared against the N 2 dissociation barriers on Fe and Ru surfaces. The dissociation of N 2 on the Fe(111) surface has no barrier. 24 On the other hand, the barrier for dissociation on the V(110) surface is comparable to that on the Ru(0001)-step surface, i.e., 0.4 eV. 44−46 Since Ru is also a traditional catalyst for ammonia synthesis, which also involves N 2 dissociation, it is reasonable to conclude that the V(110) surface may be an active surface for N 2 dissociation. However, following dissociation, the dissociated state binds to the V(110) surface considerably stronger than it does to the Fe(111) and the Ru(0001) surfaces. This strong adsorption energy may play an important role in the subsurface diffusion of atomic nitrogen into the V(110) surface.
Atomic Nitrogen Diffusion into Subsurface Layer of V(110).
Typical interstitial sites for atomic nitrogen in the subsurface are illustrated in Figures 10a and 10b . These are the octahedral (O-) and the tetrahedral (T-) sites of the crystal lattice, represented by a black dot. For atomic nitrogen in the subsurface, the nitrogen atom prefers the high coordination site, i.e., the O-site just as in bulk vanadium. 47 The optimized geometry for nitrogen absorption is presented in Figure 10c . The calculated absorption energy of the nitrogen atom in the first subsurface O-site is −2.29 eV/N. This absorption energy is slightly less stable than the adsorption energy of atomic nitrogen on the surface at the LB site (−2.37 eV/N). This indicates that the nitrogen atom somewhat favors an adsorbed state on the V(110) surface rather than an absorbed state in the subsurface layer. The atomic nitrogen absorption at the first subsurface T-site, on the other hand, is not stable. The nitrogen atom moves either to the surface or to the first subsurface Osite after geometry optimization. A distortion in the host V(110) structure upon the presence of the nitrogen atom in the interstitial sites is shown in Figure 10c . The surface V atom that is coordinated to atomic nitrogen is pushed toward the vacuum region by 0.47 Å. This same phenomenon is also found from theoretical studies on carbon dissolution and diffusion in bulk Fe 48 and carbon absorption in the subsurface of Fe(110), 49 in which one surface Fe atom is pushed toward the vacuum region by 0.5 Å. Such distortion occurs in order to reduce the strain caused by the interstitial atom, which is atomic nitrogen in this case. Table 4 provides the existing information from selected wellknown systems. The carbon and hydrogen diffusion in iron is chosen because it represents a system in which interstitial diffusion may cause problems including strain aging, embrittlement, and steel erosion. 48, 49 On the other hand, hydrogen absorption and diffusion in metals such as palladium and vanadium are beneficial for hydrogen separation and purification processes. 50−52 According to Table 4 , the interstitial atom prefers to stay on the surface compared to residing in the subsurface layer in every selected system. The adsorption energies of atomic nitrogen on the V(110) surface and in the first subsurface layer are in the same order of magnitude as those of the H/V and H/Pd systems. They are quite weak compared to the adsorption energies associated with the C/Fe system but slightly stronger than the N/Fe system. While the relative difference between the adsorption energy on the surface and in the subsurface provides insight that subsurface diffusion should be an activated process to overcome the unfavorable thermodynamic driving force, this does not indicate how fast the diffusion occurs.
The CI-NEB approach is applied to determine the possible MEP for nitrogen diffusion. Figure 11 shows the converged energy path for nitrogen diffusion into the V(110) surface at 0.25 ML surface coverage. The energy change from atomic nitrogen on the surface to the atomic nitrogen in the first subsurface layer is slightly endothermic. The corresponding subsurface diffusion barrier is 1.39 eV, while the reverse process has a barrier of 1.31 eV. At the transition state, the nitrogen atom stays approximately in the T-site, which neighbors three surface V atoms and one V atom in the subsurface layer.
In general, atomic diffusion through a metal is known to be the rate-limiting step for the transport through a metallic membrane. The literature values associated with diffusion usually refer to the barrier for bulk diffusion rather than subsurface diffusion, which may not be always true. Table 5 lists the subsurface diffusion barrier from the surface to the first subsurface layer of selected systems compared to the bulk diffusion barriers. The nitrogen diffusion in bulk vanadium was calculated, but it is not the focus in this study. The calculation details can be found in the Supporting Information. In Table 5 , it is shown that the interstitial atom diffusion in the given bcc metals have a higher barrier for the first subsurface diffusion than the bulk diffusion. Therefore, the first subsurface diffusion can be assumed to be a rate-limiting step for atomic transport through metals.
Additional information regarding the feasibility of using vanadium as a material for a N 2 -selective membrane can be gained by comparing the diffusion barriers of the N/V system with the well-studied H/Pd system since Pd and its alloys have long been used as metallic membranes for H 2 purification. 50, 55 The barrier associated with subsurface diffusion from the H/Pd system is then used as a target for the proposed N 2 -selective membrane concept. From Table 4 , atomic hydrogen in the first subsurface layer is much less stable than atomic hydrogen on the surface. The diffusion barrier for hydrogen diffusion from the surface into the first subsurface layer is mostly due to the difference in the thermodynamic stability of these two states. 51 However, this is dissimilar for the N/V(110) case. The subsurface diffusion barrier for the N/V(110) surface is in the same order of magnitude as the barrier for the N/Fe or C/Fe system. This may be because nitrogen or carbon diffusion is more constrained with an associated higher barrier due to the large size of the atom compared to a hydrogen atom. In the case of carbon diffusion in iron, it has been found that the carbon atom prefers to stay on the surface rather than reside in the subsurface or the bulk. 49 Consequently, it is possible that the nitrogen atom is likely to stay on the V(110) surface since it also has a large barrier for subsurface diffusion, which is an undesirable property for a N 2 -selective membrane. To engineer a more appropriate material for a N 2 -selective membrane, one possible way is to weaken the adsorption energy through altering the surface of vanadium by alloying with other transition metals.
3.5. Preliminary Study of the Effect of Alloying V(110) with Ruthenium on Nitrogen Adsorption and Absorption. Ru is chosen as an alloy element for the V(110) surface because it is known to be an ideal catalyst for ammonia synthesis. 56 Since the expected operating temperature of the N 2 -selective membrane is in the range of 500−800°C, the Ru composition in the V−Ru alloy must not be greater than 25 atomic % in order to maintain the bcc crystal structure of the alloy according to the phase diagram of V−Ru alloy. 57 Consequently, one surface V atom is replaced by an atomic Ru atom as illustrated in Figure 12 . This alloy surface is designated as V 75 Ru 25 /V(110).
The possible adsorption sites for thenitrogenatom on the V 75 Ru 25 /V(110) surface are shown in Figure 12 . Four additional sites on the alloy surface have been investigated since the top layer is currently the alloy between V and Ru. The entire calculation results can be found in Table S4 of the The Journal of Physical Chemistry C Figure 13b is only associated with the V atoms and is termed the O′-site. The absorption energies of atomic nitrogen at both O-sites are included in Figure 13 . It is clear that the O′-site has the stronger adsorption energy of the two. The comparison between the adsorption energy on the surface and in the subsurface indicates that both subsurface sites are thermodynamically unfavorable and an activation barrier is involved for the subsurface diffusion process. Calculations based on the CI-NEB approach will be performed in future work to determine the barrier associated with the subsurface diffusion of the nitrogen atom into the V 75 Ru 25 /V(110) surface in addition to other V−Ru compositions and V-based alloy systems.
To understand the effect of alloying on the adsorption strength, it is important to realize the consequence upon alloying V with Ru. One interesting result is the change in the electronic structure, i.e., the d-band center. The electronic properties of the alloy are altered from the original properties of Figure 11 . Proposed minimum-energy pathway for nitrogen diffusion into the first subsurface layer of the V(110) surface. the pure metal surface, and they affect the strength of the adsorption. By changing the location of the d-band center via alloying, the adsorption energy of atomic nitrogen on metal surfaces can be strengthened or weakened. The d-band center is the centroid of the d-orbital density of states and is calculated by taking the first moment of the projected density of states up to the Fermi level. 58 As the d-band center moves closer to the Fermi level, the bond between the adsorbate and the metal surface becomes stronger since more antibonding states exist above the Fermi level, and these states are empty. The opposite trend is observed when the d-band center is shifted down (further from the Fermi level) and the antibonding states become filled so that the bond between the metal surface and the adsorbate is weakened. 36 Table 6 lists the d-band center for the surface metal atom of the bare V(110) and the V 75 Ru 25 /V(110) surfaces. To appropriately take into account the differences in the interaction of V and Ru with nitrogen, the weighted d-band center must be employed to represent the electronic structure of the surface. This concept was first introduced in the analysis of hydrogen chemisorption on Pd−Re alloyed overlayers and surfaces. 59 The weighted d-band center for a given surface can be calculated from eq 3 To summarize, alloying Ru with the V(110) surface apparently destabilizes the adsorption of the nitrogen atom on the surface and in the first subsurface layer. By introducing different metals to the surface, the electronic property, i.e., the d-band center of the surface, is modified, thereby affecting the reactivity of the surface.
CONCLUSIONS
It is well-known that group V metals have strong-binding characteristics to diatomic molecules such as N 2 , O 2 , H 2 , and CO. These metals are of interest to investigate for small molecule reactivity to the extent of potential atomic diffusion into their bulk crystal structures. Fundamental study for molecular adsorption, dissociation of N 2 , and potential subsequent atomic diffusion within the V(110) surface and V/Ru alloys has been investigated.
Electronic structure calculations based on DFT have been carried out to investigate molecular N 2 and the atomic nitrogen adsorption. At a 0.25 ML surface coverage, the results from the adsorption of molecular N 2 indicate three stable adsorbed N 2 states on the V(110) surface, i.e., weakly bounded γ-N 2 and strongly bounded α-N 2 and α′-N 2 states. These states are equivalent to the γ-N 2 , α-N 2 , and α′-N 2 states on the Fe(111) surface, respectively. The α-and α′-N 2 states are anticipated to be the most likely initial state for N 2 dissociation on the V(110) surface because the N 2 molecule is most elongated and the N− N stretching vibrational frequency is small, indicating a weak N−N bond. Similar to the adsorption of molecular N 2 , the nitrogen atom also prefers the high coordination site.
The adsorption energies of the N 2 molecule and the nitrogen atom at the most stable site on the V(110) surface are considerably stronger than those on Fe and Ru surfaces because the location of the d-band center of V is higher in energy, compared to the d-band center of Fe or Ru. The N 2 dissociation path and its corresponding dissociation barrier are determined by applying the CI-NEB method. The following path is proposed: γ-N 2 → α′-N 2 → β-N, with a dissociation barrier of 0.4 eV. This barrier is comparable to the dissociation barrier at the Ru(0001) step. Since Ru is a common catalyst for ammonia synthesis, which involves N 2 dissociation, it can be concluded that the V(110) surface may be an active surface for N 2 dissociation. In addition to the dissociation barrier of N 2 on the V(110) surface, the barrier for the subsurface diffusion is also an important parameter to determine the feasibility of nitrogen transport through a metallic membrane. The subsurface octahedral (O-) site was found to be the most stable location for atomic nitrogen to reside in the V(110) subsurface layers. The energy change from atomic nitrogen on the surface to atomic nitrogen in the first subsurface layer is slightly endothermic. The corresponding subsurface diffusion barrier is 1.39 eV. Compared to the N 2 dissociation barrier on the V(110) surface, it can be concluded that the first subsurface diffusion step is the rate-limiting step for nitrogen transport across the metallic membrane.
To determine the feasibility of using pure vanadium as a material for a N 2 -selective membrane, the first subsurface diffusion barrier of the N/V system is compared with the wellstudied H/Pd case. The barrier for the first diffusion step for the N/V(110) surface is obviously larger than that for the H/ Pd system. Therefore, it is possible that the nitrogen atom is likely to stay on the V(110) surface instead of diffusing into the subsurface layer. This surface stability of nitrogen is undesirable for the N 2 -selective membrane application. Alloying V with Ru appears to alter the electronic structure of the surface and affect the adsorption energy of the nitrogen atom. To investigate the effect of alloying, one surface V atom was replaced by an atomic Ru to represent the V 75 R 25 /V(110) surface, which maintains the bcc crystal structure of the alloy at high temperature (700− 800°C). Alloying Ru with the V(110) surface apparently destabilizes the adsorption of the nitrogen atom on the surface and in the first subsurface layer. By introducing different metals to the surface, the d-band center of the surface may be modified, thereby affecting the surface reactivity. In conclusion, pure vanadium may not be the best material option for the N 2 -selective membrane because of its strong adsorption energy of atomic nitrogen and the high barrier for the first diffusion step into the subsurface. As a result, nitrogen transport through a pure V surface may be difficult to achieve. However, alloying V with Ru weakens the adsorption of nitrogen on the surface and in the first subsurface layer, which ultimately may decrease the barrier of the first step in subsurface diffusion. Future direction for this research using theoretical modeling from first-principles should include further consideration of other V−Ru alloy compositions that may provide optimal catalytic properties for N 2 dissociation and subsequent diffusion into the surface. In addition, the feasibility of ammonia synthesis on the V−Ru alloy should also be considered.
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